Organic micropollutants, in particular those of anthropogenic origin, may have a toxic influence on water organisms. Photochemical oxidation processes are one of the most effective methods of decomposition of a wide range of those compounds. During the oxidation process a large number of different byproducts are generated, which can still be biologically active. The development of analytical techniques, including the reduction of the detection limit to several fg/L, allows the identification of even trace concentrations of compounds. The paper presents the determination of pentachlorophenol and benzo (a)pyrene degradation pathways during the process of heterogeneous photocatalysis carried out in the presence of titanium dioxide. The gas chromatography-mass spectrometry (GC-MS) analysis of post-processing samples indicated the formation of different by-products of the parent micropollutants.
INTRODUCTION
Phenolic compounds and polycyclic aromatic hydrocarbons (PAHs) as well as pharmaceuticals and personal care products are most common organic micropollutants identified in water environments. Their environmental concentrations depend on the type of industrial activity carried out in the given region. Also, the implemented technologies for communal and industrial wastewater treatment determine their occurrence in surface waters. For example, the total concentration of PAHs in the effluent from a WWTP in Beijing (China) reached 241 ng/L (Qiao et al. ) , while the concentration of this compound in the effluent from WWTPs in Italy are lower then 195 ng/L (Fatone et al. ) .
Photochemical oxidation is one of the most effective methods of decomposition of a wide range of volatile and non-volatile organic micropollutants (Wols & Hofman-Caris ; Lannoy et al. ) . Industrial additives such as phenolic compounds are susceptible to oxidization during reaction with highly reactive oxygen species, which include hydroxyl radicals, singlet oxygen, superoxide radicals and hydrogen peroxide (Ling et al. ; Samarghandi et al. ) . Also PAHs, which are considered to be recalcitrant to biodegradation, can be oxidized by the use of UV light.
The effectiveness of photodegradation reactions depends heavily on the structure of the degraded compound. It is considered that linear, 2-ring, and some clustered PAHs (with low molecular weights) degrade more rapidly under UV light exposition, than angular PAHs (with high molecular weights) (Abdel-Shafy & Mansour ).
The UV-based oxidation processes included the process of heterogeneous photocatalysis, during which the decomposition of compounds is catalyzed by different semiconductors. The mechanism of reactions leading to the oxidation of compounds adsorbed in active centres of semiconductors, by means of the highly reactive free hydroxyl radical OH • , is complex. The photocatalytic oxidation of several organic compounds leads to the formation of biologically active by-products with a much higher toxicity than the parent compound (Kudlek et al. ) . The occurrence of different phenols (Ayanda et al. ) and PAHs (Ikenaka et al. ) in the water environment has raised concern about their negative impact on the water biocenosis.
The paper presents the determination of degradation pathways of the industrial additive pentachlorophenol and the polycyclic aromatic hydrocarbon benzo(a)pyrene during the process of heterogeneous photocatalysis carried out in the presence of a TiO 2 catalyst. In addition, the toxicological analysis of the post-processing solutions was also performed.
METHODS
Water solutions prepared on deionized water matrices with the addition of pentachlorophenol (PCP) and benzo(a) pyrene (BaP) standards from Sigma-Aldrich (Poznań, Poland) at a concentration of 0.5 mg/L were subjected to a heterogeneous photocatalysis process. The characteristics of tested compounds have been compiled in Table 1 . The pH of the solutions was adjusted to 7 using 0.1 mol/L HCl or 0.1 mol/L NaOH. The processes were carried out in a laboratory glass batch reactor with a volume of 0.7 L by Heraeus (Hanau, Germany) placed on a magnetic stirrer. The reactor was equipped with a medium-pressure UV lamp of 150 W power placed in a cooling jacket. According to the UV lamp specifications, the wavelength of emanated radiation λ exc was equal to 313, 365, 405, 436, 546 and 578 nm. The temperature of the processes was 20 ± 1 C. Titanium dioxide (TiO 2 ) nanopowder from Evonik Degussa GmbH (Hanau, Germany) was used as the catalyst of the process. The catalyst, according to the manufacturer's characteristics, was a mixture of two varieties of titanium dioxide with a tetragonal structureanatase and rutile-in a weight ratio of 75:25. The dose of catalyst applied to the reaction mixture reached the level of 100 mg/L. The contact time of the catalyst particles with the mixture inside the reactor and before the UV irradiation process (dark mixing) was set to 15 min. The dark mixing process ensured the adsorption of micropollutants on the catalyst surface. Samples for analysis were collected after 5, 10, 15, 20, 25 and 30 minutes of UV irradiation. The titanium dioxide particles were separated from the mixture by means of a filtration kit equipped with glass fiber filters (0.45 nm) by Merck Millipore (Darmstadt, Germany) . The experiments for both tested compounds were carried out separately.
The analytical procedure for the investigated micropollutants was performed according to guidelines developed in preliminary studies (Bohdziewicz et al. ) . The tested compounds were separated from water solutions by means of solid phase extraction performed using the Supelclean™ ENVI-18 columns by Supelco (Poznań, Poland) filled with octadecylsilane C18 bed. Before the extraction of benzo(a)-pyrene and its derivatives, the column bed was conditioned with methanol (5 mL) and washed with deionised water (5 mL). After the water samples had completely passed the SPE column bed, they were dried under vacuum. The adsorbed micropollutants were eluted with 50 μL of methanol and 3 mL of dichloromethane. During the extraction of pentachlorophenol and its oxidation by-products, the column bed was conditioned with 5 mL of acetonitrile and the same volume of methanol, then washed with deionized water. The analytes were eluted with 3 mL of acetonitrile/methanol (60/40, v/v). The eluents were analyzed by the use of a gas chromatography-mass spectrometry (GC-MS) chromatograph with electron ionization, model 7890B/5977A by Perlan Technologies (Warsaw, Poland). The separation of the compounds was performed using an SLB ® -5 ms column from the Supelco Company (Poznań, Poland) at the following temperature settings for the column oven: 80 C (6 min), 5 C/min up to 260 C, 20 C/min up to 300 C (3 min). Helium at a flow rate of 1.1 ml/min was used as the carrier phase. Other temperature parameters were as follows: injector 250 C, MS source 230 C, MS quad 150 C. The mass detector operated in the ion recording mode in the range of 50 to 400 m/z. Toxicological assessment of the process was performed with three different biotests, that is, the Microtox® test by Modern Water (Warsaw, Poland), Daphtoxkit F magna by Tigret (Warsaw, Poland) and the Lemna sp. Growth Inhibition Test, which was conducted in accordance with OECD Guideline 221. The interpretation of the obtained toxicity results was performed in reference to a control sample test according to the toxicity classification (Werle & Dudziak ) summarized in Table 2 .
RESULTS AND DISCUSSION
The effectiveness of compounds' degradation during photocatalysis increased with the reaction time length (Figure 1 ). The results presented in time '0 min' were obtained for the adsorption of micropollutants on the catalyst surface, which preceded the initializing of UV irradiation. For example, the pentachlorophenol concentration decreased during the sorption process only by 13%, while the removal of benzo(a)pyrene reached 95%. This difference can be explained by the differential affinity of these compounds to adsorption onto the surface of the catalyst. Benzo(a)pyrene has a higher value of LogK ow (LogK ow ¼ 6.13) than pentachlorophenol (LogK ow ¼ 5.12), therefore it is more hydrophobic and has a higher sorption affinity (Wang et al. ) .
After the implementation of UV light, a rapid reduction in the concentration of pentachlorophenol was observed. The removal degree of this micropollutant after 5 min of UV irradiation exceeded 85% and after 30 min reached the level of 96%. The concentration of benzo(a)pyrene decreased by more than 99%. The high removal degree of this compound may result from the fact that high molecular weight PAHs can readily absorb UV light energy and are thus readily subject to photolytic decomposition (Zhang et al. ) .
The GC-MS analysis of the samples after UV irradiation indicated the formation of different by-products of the parent micropollutants. Due to high reaction rates of the oxidation of pentachlorophenol and benzo(a)pyrene, the determination of most by-products was possible only in samples after 5 minutes of UV irradiation. With the increase in UV exposure time, the by-products formed were decomposed. In the case of the pentachlorophenol solution in samples after 25 and 30 min of UV irradiation, an increase in phenol concentration was observed. However, in the benzo(a)pyrene solution after 15 min of the process of photocatalysis, other PAHs such as chrysene and pyrene were identified. Those PAHs are still classified as high molecular weight compounds characterized by a highly mutagenic and carcinogenic influence on water bodies (Edokpayi et al. ) .
Based on the comparison of obtained GC-MS results with mass spectra data provided by the NIST library (matching >70%) several micropollutant by-products were identified. This enabled the proposal of a possible photocatalytic degradation pathway of the examined micropollutants (Figures 2  and 3 ). The mass spectra of the detected pentachlorophenol and benzo(a)pyrene decomposition by-product are shown in Figures S1 and S2 respectively (see supporting information, available with the online version of this paper). The spectral characteristics of the by-products are given in Tables 3 and  4 . The similarity, given as a percent value, was determined by comparing the mass spectrum of the detected compound with the mass spectrum of the pattern compound.
It is well known that different radicals e.g. O 2 À• , h þ and OH • are generated during the irradiation of water mixtures with UV light. In order to determine which radicals were responsible for the formation of degradation by-products of the tested compounds, the experiments were repeated with the addition of radical scavengers. In accordance with literature data, 1 mM tert-butanol (t-Bu) was used as Figure S1 ). Also the presence of Bq in the irradiated reaction mixtures influences the photocatalytic degradation of pentachlorophenol and benzo(a)pyrene. During the process of photocatalysis conducted in the presence of Bq for the pentachlorophenol water solution, five by-products were identified -2,3,5,6-tetrachloro-1,4-benzenediol; 2,5-dichlor-1,4-benzoldiol; 2-chlor-1,4-benzoldiol; 2-chlorophenol and phenol. The presence of t-Bu in the pentachlorophenol water solution resulted in the generation of 2,3,5,6-tetrachlorophenol; 2,3,6-trichlorophenol; 2,6dichlorophenol; 2,4,5-trichlorophenol; 2,5-dichlorophenol; 2-chlorophenol; phenol and 1,4-benzoquinone. In the water solution without any radical scavengers, all listed by-products were formed. It has been demonstrated, that hydroxyl radicals, formed during the photocatalysis process, attack the aromatic ring of pentachlorophenol at the para positions. This leads to chlorine elimination and formation of tetrachlorobenzenodiols ( Figure 2) . The phenomenon is related to the ortho-and para-orientation tendency of the ring OH group (Mills & Hoffmann ) . The formation of ortho derivatives had been reported by other authors (Antonopoulou et al. ) . The photodecomposition consists therefore in the substitution of chlorine by OH in the pentachlorophenol molecule. The successive attack of hydroxyl radicals on this phenolic compound can also lead to electron transfer to form pentachlorophenoxyl radicals (Fang et al. ). The dechlorination reactions lead to the formation of less chlorinated by-products such as 2, 5-dichlor-1,4-benzoldiol, 2-chlor-1,4-benzoldiol, 2,3,6-trichlorophenol, 2,4,5-trichlorophenol, 2,6-dichlorophenol, 2,5-dichlorophenol and 2-chlorophenol. This consequently leads to the formation of phenol, which oxidizes to 1,4-benzoquinone. The presence of 1,4-benzoquinone inhibited the production of O 2 À• radicals, due to the fact that it is a wellknown radical scavenger, which has already been mentioned. The number of by-products detected during the process of photocatalysis of benzo(a)pyrene water mixtures with and without Bq was the same, while the presence of t-Bu affected no by-product formation. Therefore, it can be concluded that in the case of benzo(a)pyrene decomposition, the O 2 À• radicals do not significantly affect the formation of byproducts of this micropollutant. The formed by-products were the result of reactions of the parent compound with OH • radicals.
During the first stage of the photocatalysis of benzo(a)pyrene solutions, the PAH oxidize, to benzo(a)pyrene 4,5oxide (Figure 3) . The formed oxide undergoes hydration to yield a dihydrodiol in the form of benzo(a)pyrene-4,5-diol. Also the hydroxylation of the angular benzo ring of benzo(a)pyrene and the formation of benzo(a)pyrene-7-ol and benzo(a)pyrene-7,8-diol was observed. Upon the attachment of four OH groups to the benzo ring and the formation of benzo(a)pyrene-7,8,9,10-tetraol, a benzo ring cleavage was observed. This reaction probably led to the formation of pyrene.
The generation of decomposition by-products during the process of photocatalysis strictly depended on the presence of radicals which could react with the decomposed parent compound, the type of photocatalyst used and the type of parent compound and its chemical structure. For example, Xiang et al. indicated that the O 2 À• radical is mostly responsible for dye degradation (Xiang et al. ) .
It should be emphasized that the presence of other organic compounds as well as inorganic compounds can significantly influence the oxidation process of the tested micropollutants. Thus, the oxidation by-products identified in surface waters and wastewaters with a diversified physicochemical composition may significantly differ from those appointed in model waters.
The toxic nature of formed compounds was confirmed by the results obtained for three toxicity tests performed using saltwater bacteria, crustaceans and vascular plants (Figure 4 ). For both tested micropollutants, an increase in the toxicity was observed within the whole time of the process run. The solutions containing pentachlorophenol and its by-products similarly affected all indicator organisms. The samples collected between the 5th and the 15th min of UV irradiation according to the toxicity calcification presented in Table 2 are considered to be low toxic. While the samples after the 20th min are toxic for bacteria, crustaceans and plants. Benzo(a)pyrene water solutions after 5 min of UV irradiation are classified as non toxic. The samples taken between the 10th and the 30th min of photocatalysis process, according to the results obtained during the test performed with the use of bacteria and crustaceans, are classified as toxic. The bacteria were the most sensitive indicator organisms to the impact of benzo(a)pyrene byproducts. It should also be noted that benzo(a)pyrene water samples after UV irradiation had less harmful effects on plants than post-processing pentachlorophenol samples. It can be assumed that the accumulation of this compound in plant cells does not have such a significant effect on the growth of plant fronds as on the metabolic processes of bacteria and crustaceans. In general, low molecular weight PAHs have more significant acute toxicity to aquatic organisms than high molecular weight compounds such as benzo(a)pyrene and its oxidation by-products (Edokpayi et al. ) , which as mentioned above cause mutagenic and carcinogenic effects. The carcinogenic effect of benzo(a)pyrene was reported in many studies conducted in this field (Rajendran et al. ; Karyab et al. ) . However, (7R,8S)-dihydroxy-(9S,10R)-epoxy-7,8,9,10tetrahydrobenzo(a)pyrene (BPDE) is considered as the ultimate carcinogen formed during the metabolism of benzo(a) pyrene (Trushin et al. ) . BPDE is generated directly during enzymatic transformations of benzo(a)pyrene-7,8diol, which was identified in water samples after UV irradiation. The higher toxic effects observed in both bacteria and crustaceans may explain the mentioned facts.
CONCLUSIONS
A heterogeneous photocatalysis process carried out for 30 minutes allows removal degrees of tested micropollutants exceeding 96% to be achieved. The GC-MS analysis indicated the formation of degradation by-products, whose negative impact on water organisms was confirmed by the performed toxicity tests. In a post-processing water solution of pentachlorophenol, 11 by-products were detected. The photocatalysis of benzo(a)pyrene led to the formation of seven by-products including other PAHs. However, the proposed micropollutant degradation pathways can take different forms in water solutions with a diversified physicochemical composition. The identification of photodegradation products of micropollutants and the determination of their toxic potential is necessary for a complete evaluation of the effectives of the applied water treatment method for each type of water stream.
